The processes that take place during singing and acting are complex. However morphological and dynamic studies of the vocal tracts during speech have been gaining greater attention, mainly due to the rapid technical advances being made with Magnetic Resonance Imaging (MRI) and image analysis and processing techniques.
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Introduction
Speech production requires four fundamental actions: respiration, vocal fold vibration (voicing), articulation and resonance of the supra-glottal cavities [1] . During natural speech, the voiced sounds are the result of the airflow being modulated by the vocal fold vibrations, further shaped by the articulators and resonators of the vocal tract. Similarly, the voiceless sounds, which are produced without vocal fold vibrations, are filtered through the vocal tract articulators and resonators.
Until now, various techniques for speech articulation assessment have been proposed, however there has been an increased use of imaging methods due to the advances made in MRI techniques. The first studies conducted with MRI were carried out by Rokkaku et al. [2] and Baer et al. [3] . The advantages of MRI are due to its ability to combine the morphologic and dynamic features of the entire vocal tract without ionizing effects and its non-invasive approach [4] [5] [6] .
These new MRI techniques have great potential in numerous medical areas, as has been demonstrated by several authors [7] . Specifically in this case, the morphological and dynamic study of the vocal tract during speech production has been attracting much attention due to the latest improvements in MRI, such as adopting higher magnetic fields, like the one used in the 3.0 Tesla Clinical MRI Systems. Also several new image processing and analytical techniques, such as the use of deformable models to automatically segment the vocal tract in magnetic resonance images, have been developed [8] .
The first three-dimensional (3D) articulatory model of the vocal tract was built using statistical analyses by Engwall [9] . This author extracted, i.e. segmented, the vocal tract contours from MRI data in order to build an asymmetrical reference model and to determine the articulatory parameter values. In this study, the image data provided not only important morphological information but also new insights into articulator dynamics. Later, researchers proposed other approaches for modeling the articulatory organs during speech production; however, some technical limitations still persist. These limitations are related, for example, to the long times 2 required to sustain the sounds [10, 11] or the postural position imposed on the subjects during the MRI data acquisition [12] .
In 2006, Badin & Serrurier [13] presented a database with 3D geometrical descriptions of the tongue, velum and nasopharyngeal wall of a speaker sustaining a set of 46 French sounds. The shape of the organs from these MRI and computed tomography (CT) images has brought new understandings to improve articulatory speech modeling.
More recently, research studies have explored different techniques for refining the MRI acquisition and visualization of some particular anatomical structures or aspects related to speech production. For example, the study conducted by Honda et al. [14] highlights the significant acoustic effects of the hypopharyngeal cavities during speech. According to these authors, the hypopharynx is one of the main geometrical factors that causes individual vocal characteristics; moreover, there is a relationship between the fundamental frequency that is widely altered during vowel production, and the shape changes in the hypopharynx.
In a structural MRI-based study, Proctor et al. [15] found some supraglottal volume changes of pharyngeal articulation during the production of voiced and voiceless fricative consonants.
Similarly, Yamasaki et al. [16] encountered significant differences in the vocal tract morphometry of women with vocal nodules compared to normal subjects by means of MRI.
Human speech is very complex, especially for the voice professionals such as speech therapists, teachers, singers and actors. According to Rehder & Behlau [17] , several distinctive differences are found within linguistics and phonation among the spoken and singing voice of professionals, particularly in the articulation process. The more common differences include respiration, body posture, voice quality, resonance and voice projection.
The vocal processes in singing and acting voices are also very complex. For the spoken voice, the sounds are mostly voiceless, but the majority of sounds used in singing are voiced.
Roers et al. [18] statistically analyzed the dimensions of the total vocal tract, the pharynx and oral cavities, as well as the relative position of the larynx, height of the palatal arch and estimated vocal fold length from X-ray images. The authors found some significant differences, 3 which support the hypothesis that there are consistent morphological vocal tract differences among singers of distinct voice classifications.
However, it is generally accepted that the area of vocal registers as well the role of vocal tract resonance cavities in these register changes is not yet fully understood [19] . For example, Bresch & Narayanan [20] used real-time MRI to extract the vocal tract shape of 5 soprano singers during the production of two-octave scales of sung vowels, and concluded that no consistent systematic effect on the vocal tract resonance could be found in any of the subjects.
Also, no systematical changes of the vocal tract shape in voice professionals using real-time MRI have been demonstrated. Only the study conducted by Echternach et. al [21] found changes between the modal register and the falsetto stage, associated with major vocal tract modifications in professional male altos, such as the lip opening, the narrowing of the pharyngeal tube, and a lowering of the larynx height.
The aim of this work was to study the morphological differences in the vocal tract resonance cavities among different vocal behaviors for each subject under analysis by means of MRI.
Besides the interest in phonetics or even for artistic purposes, this knowledge is also important for medical professionals giving a better understanding of the modifications that take place during speech articulation. This paper has been organized as follows: First, the subjects, the speech corpus, the MR imaging protocol, the image processing and analysis techniques are described. Afterwards, the morphological vocal tract volumes and the 3D models built from the images acquired during production of some speech sounds are presented and evaluated. The paper ends with the Discussion section, in which the differences among spoken, singing and acting voices are pointed out. This study involved voice professionals (one actor and two singers) without any articulatory or orthodontic disorders, orthodontic appliances or contraindications for MRI exams.
Material and methods
Subjects and speech corpus
According to the safety procedures for MRI, a questionnaire was carried out before any procedure to screen any contraindications. The subjects were previously informed and instructed about the study, and they gave their informed consents.
The speech corpus included three sustained sounds of the European Portuguese (EP) language: the vowels according to the International Phonetic Alphabet (IPA) [i a u], organized as follows:
• For the acquisition of the spoken voice using the intercom the subjects were instructed to start the sound production with the plosive consonant /p/ then the vowel in order to ensure a more natural sound production, i.e., in a consonant-vowel articulatory context.
• For the singing voice, each vowel was produced according to three different tones: low, comfortable and high pitch. The actor produced each vowel according to high and low pitch using two character voices recently performed in a theatre play. All the vocal registers were analyzed from an acoustic and hearing-perceptual point of view by a speech therapist to characterize the vocal performance of the subjects (Table 1) . In this domain, a character voice is how actors produce speech for animated characters; the performers are called voice actors, and their role also often involves singing.
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The speech corpus indicated was chosen because such sounds can be easily sustained during the MRI acquisition. Additionally, these sounds ensure a stable vocal tract posture that improves the image quality and thus the subsequent processing and analysis. Finally, these vowels are the vertices of the vowel triangle representing the overall mobility of the articulators during natural speech, and also commonly used in vocal training.
Magnetic resonance image acquisition protocol
The image data was acquired using a MAGNETOM Trio 3.0 Tesla MRI system (Siemens Healthcare, Erlangen, Germany) and two integrated coils: a 32-channel head coil and a 4-channel neck matrix coil, with the subjects in the supine position.
The first MRI dataset was collected using a turbo spin echo 2D sequence, to be used as the Some examples of single 2D MR reference images are depicted in Figure 1 . The good signal-tonoise ratio and resolution of these images allowed a clear visualization of the different vocal tract shapes produced for each EP sound. These reference images were subsequently used to define the slices acquired and also to confirm the proper production of the intended sound.
Since a subject cannot produce the same sound in a totally identical manner an audio recording of acoustic intra-speaker variability was carried out. This first image data set was acquired in order to visually confirm the vocal tract shape during sustained sounds. Then, it was assumed that the overall position of the articulators in each of the subsequent MRI datasets was similar.
The position of the articulators is responsible for distinctive features during sound production. The 3D volumetric MR acquisition for all subjects was first accomplished during natural speech and was then repeated during the singing or acting performance of each voice professional.
Image processing and analysis
The 3D image-based reconstruction of the vocal tract shape was carried out using the ITK-SNAP (version 2.1.4-rc1) software developed at the Penn Image Computing and Science Laboratory (PICSL), in the USA.
Three-dimensional models were built from the subset of sagittal images defining the whole vocal tract, as well as the oral cavity and the pharynx separately. The set of 26, 3 mm thick sagittal slices without any gap between them was segmented using the active contours method, usually known as snakes, proposed by Kass et al. [22] , which has revealed robustness against image noise and efficiency in images of low signal-to-noise ratio as is the case of MR images.
Active contours are curves that are moved by internal and external forces until they reach the object boundary in the image to be segmented. In order to segment the vocal tract, a preprocessing of the original images was carried out to adjust the range of the airway voxel intensities. A 3D model of the airway of each resonance cavity was automatically built from the contours segmented in each slice. As a result of the automated segmentation and labeling of each resonance cavity, the corresponding volumes could be computed, and therefore, the volumes associated to the vocal tract as a whole, and to the oral cavity and pharynx separately were obtained for the three speech tasks: spoken, singing and acting for further comparison.
7
The knowledge concerning the position and movements of the articulators is fundamental for a better understanding of the speech production process and to improve computational techniques for synthesizing speech. Furthermore, the vocal tract acts as an amplifier of the voice and includes several structures, such as the pharynx and the oral cavity [23] . The amplification occurs at different locations and levels within subjects, mainly due to the differences in the shape of the pharynx, oral cavity, nasopharynx and head. For this reason, besides the vocal tract volume, the two major resonance cavities were assessed.
For each sound under study, 26, 3 mm thick image slices were acquired from the 3D volumetric MRIs. As such, a total of 802 images for all speech corpora was assessed. This image database allowed the extraction of geometrical, i.e., morphological, information about the vocal tract cavity and also of the two major resonance cavities: the oral and the pharynx cavities.
Results
Morphological characterization of vowel articulation and the 3D models
In the vowel production during natural speech, the main articulators involved are the tongue and the lips, which are responsible for the major changes in the vocal tract morphology.
For the segmentation of each vowel production imaged, first the vocal tract as a whole was segmented, then the oral cavity and pharynx were segmented separately. Examples of morphological differences between the spoken, singing and acting voices are shown in Figure 2 .
Analysis of the whole vocal tract in the 3D models confirms important articulatory changes.
The main difference found on examining the 3D models was the overall volume increases in the vocal tract, specifically due to the greater volume in the oral cavity for the two singers and in the pharynx for the actor.
However, by only studying the three-dimensional models, no systematic changes could be found among the different sounds, spoken, singing or acting, performed by the subjects. 
Volumes of the vowels produced by different voice professionals
In order to get measurable data concerning the articulatory changes found in the morphology of the vocal tract and major resonance cavities, the volumes were calculated and then compared.
The results obtained according to each speech sound and respective task are indicated in Table   2 .
Analyzing only the volumes of the 3D models of the spoken voices (Table 2) , higher vocal tract volumes were found for the production of the vowel /u/, especially with the expansion of the pharynx cavity. Similarly, for the vowel /i/, the volumes were higher in the pharynx. The high volumes of the vocal tract found during the production of the vowel /a/ among the subjects were due to the expansion of the oral cavity. Figure 3 presents the volumes of the 3D models of the singing voices of the two singers. Both singers were asked to produce and sustain each vocal at three pitches: "lower", "comfortable", "higher" according to their musical skills.
For the production of vowel /a/, both singers increased the whole vocal tract by more than 50% of the volume calculated for the spoken voice, especially at the low and high pitches. However, for the vowel /u/, the volumes for Singer 2 were lower with volume decreases for all pitches compared with the spoken voice. On the other hand, for Singer 1 there was a small increase in the volumes for this vowel compared with the spoken voice volume.
In general, for both Singers, the sounds produced at higher pitches produced higher volumes in the oral cavity and a reduction in the pharynx volume. Both Singers presented a substantial increase in the vocal tract volumes and respective resonance cavities for the central vowel /a/.
No systematic changes were found in the production of the vowels /i/ and /u/, as the volumes measured for both singers were similar. In general, Character voice 2 presented a substantial increase in the volumes for all vowels under study, due to an increase in the oral cavity and also in the pharynx. The differences observed for Character voice 2 were always higher than 50% of the vocal tract volumes of the spoken voice. Contrary, the differences were clearly lower for Character voice 1; mainly, in the production of the vowels /i/ and /u/, with a reduction of the oral cavity and pharynx volumes compared to the spoken voice, and only during the production of the vowel /a/ was a minor increase in the whole vocal tract volume observed.
Discussion
From the comparative study carried out, only one systematic change in the vocal tract volume was found among all the voice professionals in the production of the vowel /a/ by the spoken, singing and acting voices. Figure 5 illustrates these differences, which can be seen in the midsagittal MR images and also in the 3D models built for each subject studied.
The increase in the oral cavity volume of the two singers and the increase of the pharynx volume of the actor are very clear in Figure 5 .
Three issues must be addressed when discussing the image data and volume measurements under study: 1) the normal limitations of the MRI system, 2) the number of the participants, which does not allow a comparison between gender, and 3) the size of the speech corpus.
Engwall [11] provided a detailed study concerning the effects of a long sustentation time of the sounds during MRI data acquisition, and the gravitational effect imposed by the postural position of the subjects. To reduce the effect of hyperarticulation due to sustentation, the acquisition time used in this study for the 3D images is considerably lower (10 seconds) compared to other studies [15, 24] . However, these factors should not affect the principal findings between the tasks performed by the different voice professionals. Considerable articulatory variations were found between the spoken and singing or acting voices. The most relevant difference was an increase in the vocal tract volume. For the vowel /a/ the volume increases in the resonance cavities were superior to 50% for all subjects studied. Another important relationship in the singing voices was found between the two singers, as the volumes change when the sounds were produced according to different pitches and to each musical skill.
These changes in singers may be related to the different vocal registers and behaviors of the subjects.
For the acting voice, some remarkable adaptations were observed between the two different character voices performed by the actor. For Character voice 1, the volumes in the resonance cavities were considerably lower, causing a decrease in the volumes relative to the spoken voice. Contrary, Character voice 2 performed the task with an increase in the volumes of the vowels under study. Considering the vocal performance characterization of the actor's voice (Table 1) , these volume differences may be due to the particular pitches produced by each character voice. As a result of the high pitch of the Character voice 1, the volumes in the resonance cavities decreased.
Proctor et al. [15] studied the pharyngeal articulation of American English fricatives in four subjects using volumetric MRI data. The authors found important differences between voiced and voiceless fricatives in the pharynx volumes and area functions.
No other studies concerning the morphological changes during speech articulation by voice professionals have been found until now. For this reason, no comparable data can be used.
However, this study provides good evidence that the articulation and resonance cavities have distinctive features between the spoken and the singing or acting voices performed by professionals.
Conclusions and Future Work
In this work, a 3D study of the vocal tract resonance cavities using 3.0 Tesla MR images was achieved by using a high-resolution volumetric acquisition technique. The primary goal was to describe the vocal tract shape and the role of vocal tract resonance cavities of three particular voice professionals. The changes of these vocal registers were assessed through the volume calculations and comparison during the spoken, singing and acting voices of three European Portuguese sounds. This paper presented a detailed study about the articulatory configurations of three vocalic sounds of European Portuguese Language. In addition, the study revealed the role of the vocal tract resonance cavities in distinct vocal registers according to different professional voices.
The increased volumes observed in the voice professionals during the three tasks was a result of an increase in the oral cavity of the singers, and an increase in the pharynx volume of the actor.
In conclusion, specific systematic changes in the morphology of the whole vocal tract among three voice professionals were confirmed. This study also demonstrated that volumetric MRI can be successfully applied to obtain 3D models and measurable data of the vocal tract resonance cavities of voice professionals.
In the future, the collection of MRI data of more sounds and other geometrical descriptors for the vocal tract must be addressed in order to provide even more detailed data about the vocal tract changes in different voice professionals. Such data should be statistically analyzed in depth, in order to study the confidence of each assessed parameter and the correlation among parameters.
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FIGURES
Actor
Male. Natural voice with a f0 of 134 Hz on presenting a speech with a slight degree of tension and a moderated grade of pharyngeal resonation.
Character voice 1 with a f0 of 240 Hz presented a higher degree of tension and pharyngeal resonation. Character voice 2 with a f0 of 110 Hz presented high degree of hoarseness and low pitch variation.
The sounds were produced in modal voice register, on a scale from low pitch for the Character voice 2 to high pitch for the Character voice 1. 
